Abstract Pediatric cataract of the congenital type is the most common form of childhood blindness and it is clinically and genetically heterogeneous. Mutations in 22 different genes have been identified to be associated with congenital cataracts, and among them, eight mutants belong to aA-crystallin. To explain how mutations in aAcrystallin lead to the development of cataract, quaternary structural parameters, and chaperone function have been investigated in aA-wt and in the following mutants: R12C, R21L, R21W, R49C, R54C, R116C, and R116H. Average molar mass, mass at the RI peak, mass across the peak, hydrodynamic radius (R h ), and polydispersity index (PDI) were determined by dynamic light-scattering measurements. The average molar mass and mass across the peak showed major increase in R116C and R116H, moderate increase in R12C, R21W, and R54C, and no increase in R21L and R49C as compared to aA-wt. PDI and R h values were significantly increased only in R116C and R116H. Significant secondary structural changes, as determined by CD measurements, were seen in R21W, R21L, R116C, and R116H, and tertiary structural changes were evident in R21W, R54C, R116C, and R116H. Non-reducing SDS-PAGE has shown the presence of dimers presumably formed by inter-polypeptide disulfide bonds. Chaperone activity, as measured with ADH as the target protein, appeared normal in R49C and R54C, while R12C, R21L, and R21W showed moderate loss and R116C and R116H showed significant loss. Although a specific change in the aA-crystallin behavior that is common to all the mutants was not evident, each mutant showed one or more perturbation as the end effect that leads to cataract.
Introduction a-Crystallin is a major structural element in the highly ordered and highly concentrated protein matrix, which is essential for the maintenance of transparency and the refractive properties of the eye lens. Native a-crystallin is composed of aA-and aB-subunit polypeptides having molecular mass of approximately 20 kDa and sharing 57% identity in their amino acid sequence [1] [2] [3] . Apart from the structural role, a-crystallin is also recognized to have molecular chaperone function [4] . The first indication that a-crystallin may have functions other than the structural one came from the demonstration that aB-crystallin in particular is expressed widely outside the lens [5] [6] [7] [8] . Ignolia and Craig in 1982 [9] revealed sequence similarities between small heat-shock proteins (sHSPs) of drosophila and a-crystallin. Thus, based on this sequence homology, both aA-and aB-crystallins are considered members of the sHSP family. However, the chaperone activity was discovered only much later by Horwitz [4] who showed that a-crystallin is able to protect other lens proteins from unfolding and aggregation.
The model structure of a-crystallin consists of a globular N-terminal domain and a slightly larger C-terminal domain with an exposed C-terminal arm [10] . The characteristic stretch of 80-100 residues known as the ''a-crystallin domain'' contains short consensus sequences that are highly conserved in the a-crystallin/sHSP superfamily [11] [12] [13] . The N-terminal and the C-terminal regions flanking this domain differ considerably in both the sequence and length and are believed to control oligomeric assembly and size [14, 15] . Due to its large oligomeric size, microheterogeneity, and polydispersity, a-crystallin has eluded NMR and crystallographic studies. Based on cryoelectron microscopy and image processing, human aBcrystallin has an asymmetric quaternary structure with variable monomer binding forming roughly spherical particles with a large central cavity and a protein shell with lot of structural divergence [16] .
Pediatric cataract of the congenital type is the most common form of childhood blindness and it is clinically and genetically heterogeneous. About 30-50% of all bilateral pediatric cataracts have a genetic basis [17] . All three forms of Mendelian inheritance have been observed, and the most frequently observed type seen in non-consanguineous population being the autosomal dominant transmission. To date, at least 34 loci in the human genome have been reported to be associated with various forms of pediatric cataracts. Autosomal dominant and recessive forms of cataracts are associated with mutations in approximately 22 different genes [17] . More than half of the mutations occur in crystallins (a-, b-, and c-crystallins) and the remaining in connexins, intrinsic membrane proteins, and intermediate filament proteins.
The a-crystallin gene family consists of two similar genes coding for aA-crystallin, CRYAA located on chromosome 21q22.3, and for aB-crystallin, CRYAB located on chromosome 11q22.1 (18) . The first exon of each gene encodes 60 amino acids consisting of a repeat of 30 amino acid motif and the second and the third exons code for regions homologous to the sHSPs [10, 18] . Three aAcrystallin missense mutations have been reported recently, which are: base 104 C[T (R12C), base 130 C[T (R21W), and base 230 C[T (R54C) [17] (the sites of various aAcrystallin mutants are given in Fig. 1 ). The affected members of the three families had autosomal dominant bilateral congenital nuclear cataract in association with microcornea, all detected at the time of birth. Affected members of one of this family (R21W) were also diagnosed with microphthalmia. R12C and R21C cases also showed zonular opacification with the anterior and posterior pole. It is noteworthy that these mutations occurred outside the a-crystallin/sHSP core domain, i.e., in the N-terminal region, and still the nuclear cataract phenotype was evident probably because the N-terminus is involved in subunit interaction and protein oligomerization. It is also noteworthy that the arginine residues at the 12th, 21st, and 54th positions are highly conserved in aA-crystallin. The other aA mutants reported earlier with autosomal dominant congenital cataracts are: R21L [19, 20] , R49C [21] , G98R [22] , R116C [23] , and R116H [19] . aA-R116C mutant has been reported first by Litt et al. [23] in 1988 ( Fig. 1 provides the amino acid sequence of human aA-crystallin showing the position of each of the above mutant). This mutant has been subsequently studied by Abraham and associates [24] [25] [26] searching for the consequences of the mutation on its conformation, oligomerization, chaperone function, subunit interaction, and the specific role of a positive charge at this position.
The present study was aimed to show whether mutations of arginines occurring at different positions across the human aA-crystallin polypeptide chain affect quaternary structural parameters, protein conformation, and chaperone function with an aim to identify the cataract promoting changes that occur in the mutants. 
Materials and methods
Cloning, site-directed mutagenesis, expression, and purification of aA-crystallin mutants Cloning of human aA-and aB-crystallin mutants and subsequent sub-cloning into the pET-23 d(?) expression vector have been described in our earlier communications [24] [25] [26] . QuickChange Site-Directed Mutagenesis Kit (STratagene) was used for generating the mutants of aA-crystallin. The needed primers were synthesized by Sigma. The nucleotide sequences were confirmed by automated DNA sequencing at the DNA sequencing core facility of UAMS. BL21 (DE3) pLysS E. coli cells (Novagen) were used as the expression host. These cells were transformed with the appropriate amplicons and grown in 500 ml of Luria broth at 37°C with aeration. At an OD 600 nm of approximately 0.6, 0.5 mM isopropyl-1-thio-b-D-galactopyranoside was added to the culture and incubation continued for additional 4 h. The cells were harvested and resuspended in10 ml of the lysis buffer. After three freeze-thaw cycles, 800 Units of DNase and 5 Units of RNase and 10 mM MgCl 2 were added and incubation continued at room temperature on the nutator for 2 h followed by centrifugation at 28,000g for 45 min. The protein solution which was filtered through a 0.2 lm filter was applied on Sephacryl S-300-HR size exclusion columns of 2.6 cm 9 120 cm. About 30-50 mg cell lysate was applied on a column and developed isocratically. Effluent from 5-6 tubes having the highest absorbance at 280 nm was collected and concentrated by ultrafiltration. In this manner, 90-95% pure protein was obtained. Additional purification was done by molecular sieve HPLC as described before [27] . The purity of the proteins was confirmed by SDS-PAGE according to an established method [28] .
Determination of quaternary structural parameters of aA-wt and its mutants by dynamic light-scattering (DLS) measurements Dynamic light scattering is the most accurate means of determining the quaternary structural parameters like molar mass, hydrodynamic radius, and polydispersity index (PDI). As described earlier [27] , the light-scattering measurements of purified aA-wt and the site-directed mutants (1 mg/ml protein in 0.1 M PBS buffer, pH 7.4) were incubated for 1 h at 37°C and 100 lg of each protein was injected into a TSK G5000PWXL (Tosoh Bioscience) size exclusion column. The column was connected to a HPLC system fitted with refractive index (RI) detector that was coupled to multi-angle light scattering and quasi-elastic light-scattering detectors (all from Wyatt Technology).
Column was maintained at desirable temperature by a water-jacked devise for temperature regulation. Molar mass, hydrodynamic radius, and PDI were determined by using ASTRA software (5.1.5) developed by Wyatt Technology. This software calculates the mass of a protein in each slice of the chromatogram and averages it; this value is reported as molar mass average. It also provides mass at the RI peak where the protein concentration is maximal as well as the range of mass.
Circular dichroism (CD) measurements for the analysis of secondary and tertiary structures Far-UV (for secondary structure) and near-UV (for tertiary structure) spectra were recorded at 37°C with a JASCO 715 spectropolarimeter. Protein concentrations of 0.1 and 1 mg/ ml in 50 mM phosphate buffer, pH 7.4 were used for recording far-and near-UV spectra with 0.1 and 1 cm path length quartz cells, respectively [27] . The reported spectra were the average of five accumulations, which were smoothed and corrected for buffer blanks.
TNS binding studies for measuring surface hydrophobicity
We can utilize the measurement of surface hydrophobicity of he wild-type and the mutant proteins to assess conformational changes. Compared to the wild-type, the mutant protein could show more or less exposure of the hydrophobic residues depending on the extent of conformational change. The fluorescence of a hydrophobic probe TNS (2-p-toluidino naphthalene-6-sulfonic acid) was measured with a RF-5301 PC spectrofluorometer. To 1 ml of a protein solution (0.1 mg/ml) in 50 mM phosphate, pH 7.4, was added 5 ll of 20 mM TNS in DMSO, and the mixture incubated at 37°C for 2 h. The fluorescence was measured using an excitation wavelength of 320 nm and scanned at emission range of 350-550 nm across the peak.
Determination of protein stability
The stability of the protein solutions (1.0 mg/ml) in 50 mM phosphate buffer, pH 7.4, was measured at 37°C by monitoring light scattering at 360 nm for 30 min.
Determination of chaperone activity
Alcohol dehydrogenase (ADH) was used as the target protein to perform chaperone activity assay. Chaperone activity was assayed as described previously [27] by assessing the ability to prevent EDTA-induced aggregation of ADH at 37°C. Aggregation of the target protein was monitored as light scattering at 360 nm as a function of time in a Shimadzu UV 160 spectrophotometer equipped with a temperature-regulated cell holder. The ratios of a-crystallin/ADH were 1:1 and 1:5. As customarily done, the data were presented as absorbance at 360 nm plotted against the time in seconds. In addition, the data were also presented as % protection of ADH from aggregation. SDS-PAGE under non-reducing condition for the detection of disulfide-containing aA-crystallin 10 lg of purified protein samples were mixed in sample buffer with or without b-mercaptoethanol (b-ME) and run on 12% SDS-PAGE gel. The gels were then stained with SYPRO RUBY stain (Bio-Rad) overnight according to the manufacturer's instructions. Gels were placed on a UVtransilluminator and images were captured.
Results

Purified recombinant aA-wt and its mutants
The wild-type as well as the seven human aA-crystallin mutants were purified by two-step size exclusion chromatography, first by utilizing Sephacryl S-300 HR columns followed by molecular sieve HPLC. The purity of the proteins, as confirmed by SDS-PAGE showed 100% purity except in R116H, which showed about 95% purity (Fig. 2) .
Quaternary structural parameters
Molar mass (M w ), PDI, and hydrodynamic radius (R h ) were determined by using the DLS system from Wyatt Technology. Figure 3 shows the size exclusion chromatograms of aA-wt superimposed with the chromatograms of the seven mutants: R12C, R21L, R21W, R49C, R54C, R116C, and R116H, showing RI profiles (reflective of protein concentration) and molar mass values (computed from light scattering and RI values). For A-wt and the mutants, the computed data are given in Table 1 , which provides average mass, mass at RI peak, mass across peak, hydrodynamic radius (R h ), and PDI. The average molar mass was 7.50 e ?5 (equivalent to 750 kD), whereas the mass at the RI peak was slightly lower. 
Results of conformational studies
The far-and near-UV spectra of aA-wt and the seven mutants were recorded at 25°C, as shown in Figs. 4 and 5 , respectively. The far-UV profiles indicate the wavelength minima at 218 nm and the maxima at 195 nm, which is the characteristic of the b-conformation (Fig. 4) . In addition, maxima at 195 nm and minima at 209 nm are the characteristic of a-helical conformation. The a-helical content of all the mutants appeared to be higher than in aA-wt. R21W and R116H seemed to have the highest level of a-helix content followed by R116C, R21L, R12C, R54C, and R49C, in the decreasing order. The near-UV CD spectra arise from aromatic amino acids as well as from the folding of secondary structural elements and their interaction within the compact protein structure. As shown in all the samples, the near-UV CD spectra at 259 and 265 nm arise from the phenylalanine fine structure (Fig. 5) . The remaining transitions between 270 and 290 nm arise from tyrosine and/or tryptophan residues. The negative vibronic transition at 293 nm is due to the contribution from tryptophan residues only. However, in R21W, R116H, and R116C, there was no distinct vibronic transition due to tyrosine and tryptophan. In R12C and R54C, such vibronic transitions were only vaguely seen. These observations indicate different tryptophan and tyrosine microenvironment among these mutants when compared with aA-wt. TNS is a hydrophobic molecule and while bound to the hydrophobic sites on the surface of a protein shows high level of fluorescence. Figure 6 shows the fluorescence spectra of TNS only and when bound to aA-wt and to each of the mutant. The highest fluorescence intensity was exhibited by R21W followed by R21L, aA-wt, R12C, R54C, R49C, R116H, and R116C in decreasing order of fluorescence intensity. Thus, all the mutants showed increased or decreased surface hydrophobicity, which suggests changes in protein conformation. Protein stability was determined at 37°C, which confirmed that protein stability was not affected for aA-wt and all the mutants (Fig. 7) .
Chaperone activity of aA-crystallin mutants compared with aA-wt Chaperone activity was determined by assays using ADH as the target protein in the presence of EDTA at 37°C with two proportions of aA-crystallin/ADH of 1:2 and 1:5. At 1:2 ratio, aA-wt, R49C, and R54C completely suppressed the aggregation of ADH (Fig. 8) . R12C, R21L, and R21W had slightly deceased chaperone activity as shown by 96, 90, and 79% suppression of ADH aggregation, respectively. R116C and R116H, on the other hand, showed significant loss of chaperone activity as evident from only 43% suppression of ADH aggregation. At aA/ADH ratio of 1:5 also aA-wt, R49C, and R54C showed nearly complete suppression of ADH aggregation, whereas in R12C, R21L, Table 1 for the values) R21W, R116H, and R116C, the ability to suppress the ADH aggregation decreased further to 60, 80, 58, 33, and 11%, respectively. Figure 9 gives the mean of chaperone assays done in three different preparations and expressed as percentage protection of ADH aggregation, taking the value of aA-wt as 100%. Mol. Ellip.
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Far-UV CD Spectra Fig. 4 Far-UV spectra of aA-wt and its mutants. Protein concentration was 0.1 mg/ml, and the quartz cell path length was 1.0 mm. The reported CD spectra were the average of smoothed five scans
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Near-UV CD Spectra Fig. 5 Near-UV spectra of aA-wt and its mutants. Protein concentration was 1.00 mg/ml, and the cell path length was 10.00 mm Fig. 6 Fluorescence emission spectra of TNS-bound human aA-wt and the mutants. The excitation wavelength was fixed at 320 nm, and the emission was scanned between 350 and 550 nm. Protein concentration was 0.1 mg/ml
Inter-polypeptide disulfides in the mutants
To show whether the presence of an additional cysteine in the cysteine mutants could lead to the formation of interpolypeptide disulfides, SDS-PAGE was done with and without b-ME, but including SDS in both the samples. As expected, in the presence of b-ME, no protein bands other than the 20 kDa aA-crystallin monomers were seen (Fig. 10a) . In the absence of b-ME, on the other hand, multiple higher molecular mass proteins were seen in all the samples and a major protein band of about 40 kDa, presumably aA-crystallin dimmers, was seen only in R12C, R49C, R54C, and R21L.
Discussion
In this study, we have shown whether mutation of arginine residues in the various domains of aA-crystallin causes changes in the quaternary structural parameters, secondary, and tertiary structure and the chaperone function. Since the mutants included in this study have been identified in individuals with hereditary cataracts, they have been categorized as ''cataract causing mutants.'' Although crystallin genes are attractive candidate genes for the purpose of genetic studies, the possibility still exists that mutation in other genes could have been the actual cause for the reported cataracts. In the absence of any ''cataract causing changes'' in the mutant protein, which are needed for protein aggregation and formation of a dysfunctional a-crystallin molecular chaperone, involvement of other genes is a possibility. Moreover, it was not expected that all the mutants will undergo all the expected changes because it will depend on the actual position of the mutated residue and whether the mutated arginine is a conserved residue. Based on the present data, mutants can be classified as four groups, which are (1) R21L and R49C having aA-wt-like or normal hydrodynamic characteristics, average molar mass being 6.41 and 6.73 e ?5 as compared to 7.50 e ?5 for aA-wt. The Summary of the chaperone activity data from three different assays (as in Fig. 8 ), expressed as percentage protection of ADH from aggregation results from these two mutants emphasize the fact that the mutation of a charged residue-like arginine to a hydrophobic amino acid leucine or to a neutral residue containing a sulfhydryl moiety does not always lead to an aA-crystallin with abnormal hydrodynamic properties; (2) R21W having slightly elevated parameters, molar mass being 8.95 e ?5 ; (3) R12C and R54C having moderately increased hydrodynamic parameters, average molar mass being 15.86 and 10.27 e ?5 , respectively; (4) R116C and R116H having substantially increased molar mass of 37.75 and 52.36 e ?5 , respectively, are 5-7-fold higher than in aA-wt. It is noteworthy that only in these two mutants, mass at the RI peak was significantly lower than the respective average molar mass (Table 1 ). Wide range of mass distribution (130. .07 e ?5 for R116C and 205.10-21.88 e ?5 for R116H) across the peak and the excessive polydispersity should explain this finding. Moreover, as shown in Fig. 3 , the chromatograms or RI profiles for R116C and R116H were quite broad and asymmetric, major portion of the proteins being of significantly higher molar mass than at the RI peak. The drastic increase in nearly twofold increase in R h values also occurred only in R116C and R116H. Earlier studies in our laboratory have shown R116C being a highly oligomerized protein having molar mass of &2000 kDa (&20 e ?5 ) as determined by molecular sieve HPLC without the aid of light-scattering measurements [24] . However, it is the first time the various hydrodynamic parameters were investigated by DLS, and it is noteworthy that the mass at the RI peak, 21.48 e ?5 , is similar to the earlier data (24) . It can be stipulated that the secondary and tertiary structural changes initiated by the mutation of the arginine residues is the major cause of aggregation as well as loss of chaperone activity in some of these mutants. It appears that the degree of the structural changes depends on the location of the mutation such as on the N-terminal or a-crystallin core domain and whether the mutated arginine residue is a conserved residue or not. The maximum change in the secondary structure occurred in the R21W mutant closely 10 10 lg of purified protein samples were mixed in sample buffer with or without b-ME and run on 12% SDS-PAGE gel. The gels were then stained with SYPRO RUBY stain, and the gels were placed on a UV-transilluminator and images were captured followed by R116H, R116C, and R21L in that order (Fig. 4) . However, it was unexpected that, based on its normal behavior in all of its quaternary structural parameters, secondary structure of R21L was significantly altered. It is noteworthy that R21W showed the highest level of secondary structural changes although having only slightly elevated average molar mass (20% higher than the wild-type) and no changes in the other parameters. Both R12C and R54C, both showing moderately high molar mass also showed moderately high level of quaternary structural parameters. R49C which appeared normal in its quaternary structural parameters also showed nearly unchanged secondary structure and tertiary structure. Loss of chaperone activity of the mutant aA-crystallin is also believed to have an effect on the proper folding and stability of all the eye lens proteins in general. We have relied on an established method in which EDTA-induced denatured ADH as the substrate to quantify chaperone activity. The major advantage with this method is that highly reproducible results are produced (Fig. 9a, b) , whereas other methods using target proteins such as b-crystallin, c-crystallin, and insulin have produced less reproducible data and, hence, not included here. As expected from earlier studies [24] [25] [26] [27] and as shown here, chaperone activity values can be greatly influenced by the proportion of the chaperone: substrate protein. Two proportions of aA/ADH, 1:2 and 1:5, were used in this study. At a proportion of 1:2, R116C and R116H showed the highest level of chaperone activity loss, whereas all the other mutants showed 80% or higher activity. As expected, an increase in the proportion (decreasing the relative concentration of aA) further decreased the chaperone activity. In spite of these observations, it is uncertain whether the partial loss of chaperone activity is the major cause of cataract development. It is also worth noting that the surface hydrophobicity measurements failed to show any direct correlation to chaperone activity. In addition, the loss of or the lack of loss of chaperone activity could not be explained on the basis of any heat stability differences because all the mutants were stable at the assay temperature (Fig. 7) . Table 2 summarizes, in a simplified and practicable manner, the various findings with regard to molar mass, secondary, and tertiary structure, and chaperone activity of the mutants as compared to aA-wt by assigning an arbitrary number of 1.0 to aA-wt for each assay. Fold change, compared to aA-wt, was calculated for all the mutants. Only R116C and R116H showed major changes in all the four parameters by showing several fold changes in all the parameters. R12C and R21W showed only modest increase in molar mass, but significant change in all the others. R54C is unique in the sense that significant changes were seen only in the secondary and tertiary structures. R21L and R49C appear normal except a modest change in secondary structure. So, the question arises whether such a change in secondary structure is sufficient to initiate the events leading to cataract. As suggested by Bhat [29] in an earlier communication, the impact of the mutations on the non-refractive functions and thus on the development of cataract cannot be ruled out. Earlier studies in our laboratory with R116C and other non-native mutants created at this position suggested that the loss of a positive charge that is needed for forming salt bridges with neighboring negatively charged residues could be the root cause for protein unfolding and aggregation. Even here, there is vast individual variation depending on the position of the arginine residues. Mutation of an arginine to a cysteine increases the total number of cysteines to three in aAcrystallin, and this is expected to enhance the formation of intra-or inter-polypeptide disulfides. We were able to demonstrate the presence of inter-polypeptide disulfides, but the identification of intra-polypeptide disulfides will be cumbersome, but will be addressed in the near future. 
